Abstract: Single crystals of Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 polymer complexes have been crystallized. Electrical conductivity and X-ray diffraction measurements have been performed on these compounds. The space group symmetries (monoclinic C2/m and triclinic P-1) and the crystal structures are determined at room temperature. It is suggested from the temperature dependence of the conductivity that these complexes become a proton superionic conductor gradually as the temperature is raised. The difference in the conductivity at high temperature between these compounds is discussed with the refined structures.
INTRODUCTION
Solid state ionic is a new research field attraction of much current attention. Many research groups in the world have investigated for the development of hydrogen fuel cells [1] . Proton conduction plays an important role in the solid electrolytes of the fuel cells. A commercially available fuel cell is well known to be sulfonic-acid-based perfluorinated organic polymers such as the so-called "Nafion". The protonic and electronic conducting systems provide a unique opportunity for exploring novel physical and chemical properties.
Recently, many kinds of metal-complex-based conductors with dithiooxamide ligands have been synthesized as a novel proton conductive system [2] [3] [4] [5] [6] [7] [8] . The ligand in the compounds has an S-cis or S-trans conformation. Some complexes in these conductors are a proton conductive twodimensional coordination polymer. They show the electrical conductivities of about 10 -3 -10 -6 S/cm under relative humidity, and are established to be a proton superionic conductor [2] [3] [4] [5] [6] [7] 9, 10] . The conductivity depends on the quantity of water molecules contained in the polymer complexes. Thus, the water uptake in the complexes is important for the achievement of the high conductivity.
Rousseau et al. have performed structural and vibrational studies of a Cu 4 I 4 (CH 3 NHCS) 2 polymer complex, and reported the bands and assignments proposed for the different isotopes [8] . Moreover, the atomic coordinates, and the bond distances and angles of the complex have been presented in the paper, but the space group and the lattice parameters have not been presented. Those are used as basic data and important for the physical properties, and moreover, are also necessary for comparing the crystal structure in the same type of complex.
The Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 complexes have been synthesized from acetonitrile solutions containing *Address correspondence to this author at the Faculty of Science, University of the Ryukyus, Okinawa 903-0213, Japan; E-mail: fukami@sci.u-ryukyu.ac.jp CuI and dithiooxamide ligands. The electrical conductivity of these complexes and the crystal structure of the CuI(CH 3 NHCS) 2 complex have not been reported yet. The purpose of this paper is to report the crystal structures of the Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 polymer complexes at room temperature and to discuss the temperature dependence of the electrical conductivity due to proton conduction with the refined structures.
EXPERIMENTAL
Single crystals of Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NH CS) 2 polymer complexes were grown by slow evaporation from acetonitrile solutions containing molar ratios 4:1 and 1:1 of CuI and N, N'-dimethyl-dithiooxamide at room temperature, respectively. The color and morphology of the obtained crystals were reddish brown and thin plates, respectively.
The electrical conductivity measurements were carried out using an LCR-meter (NF2330A) at a frequency of 100 kHz in an atmosphere of dried helium gas. Fine powders of the two complexes were compressed into disks (13 mm in diameter and about 0.40 mm in thick) under a pressure about 0.30 GPa. A carbon-paste was used as electrodes for the conductivity measurements. The X-ray measurements were carried out by using an Enraf-Nonius CAD-4 four-circle automatic diffractometer with graphite monochromated Mo K radiation ( =0.71073Å) [11] . Data were collected at room temperature by /2 scan technique in the ranges 3.17 34.94 and 2.81 29.97 for the Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 complexes, respectively. The intensity data were corrected for Lorentz-polarization and absorption effects. The structures were solved with the direct method using the SHELXS program in a SDP crystallographic software package, and refined on F by the full-matrix leastsquares method [12, 13] . All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were located by difference Fourier syntheses and refined isotropically. Crystal data and the experimental conditions are listed in Table 1 . Fig. (1) shows the temperature dependence of the electrical conductivity of the (a) Cu 4 I 4 (CH 3 NHCS) 2 and (b) CuI(CH 3 NHCS) 2 polymer complexes on heating. It is clearly seen in the conductivity curves of Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 to bend upward at about 435 and 425 K, respectively. The conductivities increase almost monotonously linear with increasing temperature above the bending temperatures. These increases of the conductivity for the Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 complexes, respectively, are observed to be about 2 and 4 orders of magnitude, and the conductivities at high temperature (463 K) for the both compounds are estimated to be 5. S/cm. These results indicate that these complexes are identified as a proton superionic conductor due to proton conduction actively at above the bending temperatures, as similar to other complexes containing the dithiooxamide ligand [2] [3] [4] [5] [6] [7] 9, 10] . That is, they become an ionic conductor with fast proton diffusions gradually as the temperature is raised.
RESULTS AND DISCUSSION
On the other hand, the increase of about 1 order of magnitude is detected in the conductivity curve of Cu 4 I 4 (CH 3 NHCS) 2 in the temperature range from room temperature to the bending temperature (435 K), but no temperature dependence of the conductivity for the CuI(CH 3 NHCS) 2 complex is observed in the range from room temperature to 425 K. Thus, it is considered that a part of the protons in the Cu 4 I 4 (CH 3 NHCS) 2 complex begins to transfer gradually with increasing temperature in the temperature range, and the Weighting scheme w = 1/[
proton migration in the CuI(CH 3 NHCS) 2 complex does not exist at all in the temperature rage. From the studies of the X-ray diffraction measurements, the observed lattice parameters at room temperature indicated monoclinic and triclinic systems for the Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 complexes, respectively. Furthermore, by the observed systematic extinction conditions the space group of Cu 4 I 4 (CH 3 NHCS) 2 was proposed to be monoclinic Cm, C2 or C2/m, and that of CuI(CH 3 NHCS) 2 was proposed to be triclinic P1 or P-1. The crystal structures of the complexes were refined with the space groups C2/m and P-1, which have higher symmetry than the other groups, respectively. The numbers of the parameters refined are one-half of that of the other groups. Therefore, this is the proper choice for the structural determination. The positional parameters in fractions of a unit cell and the thermal parameters of the atoms are listed in Table 2 . The selected interatomic distances and angles, and hydrogen bond geometry are given in Tables 3 and 4, respectively. Figs. (2,3) show the projections of the crystal structures of the Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 complexes at room temperature.
The refined C2/m structure of Cu 4 I 4 (CH 3 NHCS) 2 is not directly compared with the previously reported one [8] . Because of the lattice parameters and the space group have not been presented in the previous paper. However, the obtained bond distances and angles about the dithiooxamide ligand are very similar to those previous reported. Thus, it is probably that the obtained C2/m structure is equal to the previously reported one. It is confirmed that there are the dithiooxamide ligands of the S-trans form in the refined structure. Moreover, the obtained structure of the ligand is similar to that in CuCl(C 2 N 2 S 2 H 4 ) 1.5 (H 2 O) 0.45 and CuCl(C 2 N 2 S 2 H 4 ) complexes [14, 15] . In the complex of Cu 4 I 4 (CH 3 NHCS) 2 , the lengths of the C(1)-C(1), S-C(1), N-C(1) and N-C(2) bonds in the dithiooxamide ligand are 1.53(1), 1.71(1), 1.30(1) and 1.47(2) Å, respectively. Moreover, the lengths of the N-H and C(2)-H bonds are around 1 Å, as shown in Tables 3 and 4 . It is seen in Fig. (2) that the Cu and I atoms are located between the dithiooxamide ligands in the ac-plane and in the range 2.20-4.08 Å along the b-direction. There are three equivalent Cu atoms around the I atom, and the distances between these atoms are about 2.7 Å. There exist six C(2)-H· · ·C (2) and two N-H· · ·S hydrogen bonds between the neighboring dithiooxamide ligands on the ac-plane, and the lengths of the C-H· · ·C bonds are 4.00(2) or 4.65(2), and of the N-H· · ·S bonds are 3.00(1) Å, as shown in Table 4 . Furthermore, there are weak N-H· · ·I and N-H· · ·Cu hydrogen bonds in the structure. Thus, these results indicate the existence of the proton conductive two-dimensional coordination layer consisting of the dithiooxamide ligands in the Cu 4 I 4 (CH 3 NHCS) 2 complex.
On the other hand, the obtained P-1 structure of CuI(CH 3 NHCS) 2 is a little similar to the C2/m structure of Cu 4 I 4 (CH 3 NHCS) 2 . It is also confirmed that there are the dithiooxamide ligands of the S-trans form in this structure. Moreover, the Cu and I atoms are located between the dithiooxamide ligands, but the configuration around the I atom is different from that in the C2/m structure. There are two equivalent Cu atoms around the I atom, and the distances between these atoms are about 2.7 Å. In the complex of CuI(CH 3 NHCS) 2 2 and there are a lot of hydrogen-bonded chains in the CuI(CH 3 NHCS) 2 complex. That is, the number of the chain is very different from that in the Cu 4 I 4 (CH 3 NHCS) 2 complex. This complex does not have the two-dimensional coordination layer for the proton conduction but a three-dimensional conduction channel.
It has been reported that the protons in the dithiooxamide ligand are transferred by the derivation from the dibasic acid character and the proton coupled redox property [6, 16] . Generally, it is believed that the proton conduction in hydrogenbonded crystals is caused by the proton hopping between stable positions on the bonds in the hydrogen-bonded chains. (1) 0.91127 (7) 0.08873 (6) There is no large difference in the structure of the ligands between the Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 complexes. Therefore, it is necessary for the interpretation of the difference in the conductivity to establish the proton transfer Fig. (2) . Projection on the ac-plane of the crystal structure of Cu 4 I 4 (CH 3 NHCS) 2 at 297 K with 50% probability-displacement ellipsoids. Fig. (3) . Perspective view of the crystal structure of CuI(CH 3 NHCS) 2 at 297 K with 50% probability-displacement ellipsoids.
on the hydrogen bond. As mentioned above, there are the six and ten C-H· · ·C hydrogen bonds between the neighboring ligands in the Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 complexes, respectively. The hydrogen-bonded chains for the proton conduction channel are produced by the hydrogen bonds between the ligands. The conductivity at high temperature of CuI(CH 3 NHCS) 2 is almost four times larger than that of Cu 4 I 4 (CH 3 NHCS) 2 . Thus, it is probable that this difference in the conductivity is caused by the difference in the number of the C-H· · ·C hydrogen bonds between the dithiooxamide ligands.
In summary, the single crystals of the Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 polymer complexes have been crystallized from the acetonitrile solutions. The electrical conductivity and X-ray diffraction measurements have been performed on these complexes. The space group symmetries (monoclinic C2/m and triclinic P-1) and the structures of Cu 4 I 4 (CH 3 NHCS) 2 and CuI(CH 3 NHCS) 2 are determined at room temperature. It is suggested from the temperature dependence of the conductivity that these complexes become the proton superionic conductor gradually as the temperature is raised above the bending temperatures. The difference in the conductivity at high temperature of these complexes is suggested to be caused by the difference in the number of the hydrogen bonds between the dithiooxamide ligands.
